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Staphylococcus aureus is a major human pathogen that causes suppurative diseases, toxic shock syndrome,
pneumonia, food poisoning, and staphylococcal scalded skin syndrome (SSSS). S. aureus can also cause
osteomyelitis and radicular cysts that impact dental health. b-lactam antibiotics are frequently used for the
treatment of S. aureus infections, but the emergence of methicillin-resistant S. aureus (MRSA) has caused
serious problems for the antibiotic treatment of S. aureus infections. PBP20 has a low afﬁnity for methicillin
antibiotics and is one of the factors responsible for resistance to these antibiotics. However, clinical MRSA
isolates show various levels of resistance to methicillin that are not determined by the amount of PBP20 ,
indicating that other factors are also involved. Furthermore, while vancomycin is very effective against
MRSA, vancomycin-resistant and vancomycin-intermediate S. aureus have recently been reported. Many
studies have been undertaken to better understand methicillin and vancomycin resistance mechanisms
through identiﬁcation of the factors affecting susceptibility to b-lactams. We recently demonstrated that
MRSA showed resistance to antimicrobial peptides produced by humans that are a component of the innate
immune system, in addition to various antibiotics.
& 2012 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.Contents1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
2. b-Lactam resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3. Vancomycin resistance and intermediate resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4. Resistance to antimicrobial peptides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Conﬂict of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 911. Introduction
Staphylococcus aureus is a major pathogenic bacterium that causes
various diseases in humans. S. aureus infection sometimes leads to
infectious skin diseases (impetigo, furuncle, carbuncle, and staphylo-
coccal scalded skin syndrome: SSSS), respiratory infectious disease,
enteritis, osteomyelitis, sepsis, and endocarditis [1,2]. In the ﬁeld of
dentistry, S. aureus is known to cause osteomyelitis, pericoronitis, and
radicular cysts. Because S. aureus is an opportunistic pathogen, it is
usually resident in, the nasal cavity, the oral cavity, the intestines, and
on skin. About 30–40% of people possess this bacterium.ciation for Oral Biology. Published
ology, Kagoshima University
uragaoka 8-35-1, Kagoshima
150; fax: þ81 99 275 6158.
p (H. Komatsuzawa).S. aureus has become a clinically signiﬁcant problem as a major
pathogen for nosocomial infection because most S. aureus strains
have acquired resistance to various antimicrobial agents [3]. The
emergence of penicillin-resistant strains that produce penicillinase
was reported in 1947 and methicillin-resistant S. aureus (MRSA)
emerged in the United Kingdom in 1967. Since the emergence of
MRSA, it has spread rapidly around the world. In Japan, reports
of MRSA infection have increased since 1980. Glycopeptides,
vancomycin, and teicoplanin are effective treatments for MRSA
infection, but vancomycin-intermediate S. aureus (VISA) and
vancomycin-resistant S. aureus (VRSA) have been reported [4,5].
Since the emergence of MRSA, many researchers have studied
the antibiotic resistance of MRSA, especially b-lactam and vanco-
mycin resistance. Recently, S. aureus genome analysis has pro-
vided useful information for the study of virulence and antibiotic
resistance and for epidemiological analyses.by Elsevier B.V. All rights reserved.
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PBP20, which has low afﬁnity for these antibiotics [6]. In addition,
vancomycin resistance in S. aureus is mediated by VanA (vanA) [5].
However, the mechanisms underlying the variation in b-lactam
resistance level or low susceptibility to vancomycin in clinically
isolated MRSA are not clear. Many investigators, including our
group, are therefore studying the factors that affect susceptibility
to b-lactams and vancomycin. While studying b-lactam resistance
in MRSA, we have begun to evaluate factors related to antimicro-
bial peptide resistance. Antimicrobial peptides comprise one of
the innate immune system components in humans.
In this article, we review the current research on b-lactam and
vancomycin resistance and present our ﬁndings. We also introduce
the mechanism of S. aureus resistance against antimicrobial peptides.
2. b-Lactam resistance
There have been many studies of b-lactam resistance in MRSA.
The key molecule conferring resistance against b-lactams is a
penicillin-binding-protein, PBP20 (2A) [6]. Methicillin-susceptible
S. aureus (MSSA) possesses 4 PBPs, known as PBP1–4. In MSSA
strains, all PBPs are inactivated in the presence of b-lactams,
leading to cell death that is caused by inhibition of the transpep-
tidase reaction, one of the ﬁnal steps in cell wall biosynthesis
(Fig. 1). In contrast, MRSA survives in the presence of b-lactams
because an extra PBP20 that is speciﬁc to MRSA has a low afﬁnity
for this group of antibiotics. It retains its activity in the presence
of b-lactams, allowing cell wall biosynthesis to continue (Fig. 1).
The MecR1–MecI system was identiﬁed as a regulatory factor for
PBP20 expression [7], but the effects of this regulatory system on
the methicillin resistance level of clinical isolates have not been
fully determined. In addition, a genetic mobile element contain-
ing the mecA gene, called SCCmec, is believed to be transferred
between staphylococci [8]. SCCmec is classiﬁed into 7 groups, and
SCCmec typing is useful for epidemiological studies of MRSA [9].Fig. 1. b-Lactam-resistance mechanism in S. aureus. In MSSA, all PBPs are inactivated
presence of b-lactams because a PBP that is speciﬁc for MRSA, PBP20 , has a low afﬁnityClinically isolated MRSA strains have a variety of methicillin
resistance levels, with high, moderate, and low resistance to
b-lactams. This variation in resistance is due to ‘‘heterogeneous
resistance’’ [10,11]. This means that only a small proportion of colony
forming units are able to express resistance in response to different
concentrations of b-lactam antibiotics. Bacteria with homogeneous
resistance show a uniform reaction against different concentrations
of these antibiotics. Most clinically isolated strains show the hetero-
geneous-resistant pattern, leading to diversity of resistance.
To identify the factors related to the variety of resistance
levels, a transposon–mutagenesis method has been used to
isolate mutants with decreased resistance levels. The factor
involved in this decrease is then identiﬁed by analyzing transpo-
son insertion sites [11]. The ﬁrst factor identiﬁed using this
method was femA (factor essential for expression of methicillin
resistance), which is involved in the formation of the glycine
pentamer of peptidoglycan cross-linked structures [12]. Several
other factors have also been identiﬁed using the same method.
We attempted to identify new factors using a similar approach.
Although most factors affecting methicillin resistance were iden-
tiﬁed by Tn551-mediated insertional inactivation followed by
screening for increased susceptibility to methicillin, we used a
modiﬁed screening method to isolate the mutants. In an earlier
study, we found that non-inhibitory concentrations of Triton
X-100 reduced the oxacillin (methicillin)-resistance level of
MRSA [13]. The degree of Triton X-100-induced sensitization
varies among strains, suggesting that the factors responsible for
the expression of methicillin resistance differ between strains
and depend on their speciﬁc genetic background. Therefore, we
attempted to isolate a Tn551 insertional mutant of the MRSA COL
strain that became more susceptible to oxacillin in the
presence of 0.02% Triton X-100. Using this approach, we identiﬁed
3 factors [14–16] that we designated fmtA, B, and C (fmt: the
factor responsible for methicillin resistance in the presence of
Triton X-100). The characteristics of each of these factors include:in the presence of b-lactams, leading to cell death (top). MRSA survives in the
for b-lactams and retains its activity in the presence of these antibiotics (bottom).
Table 1
Factors affecting the susceptibility to methicillin and/or vancomycin.
1M: methicillin, V: vancomycin.
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FmtA: FmtA has 2 of 3 conserved motifs that are typically
found in penicillin-binding proteins (PBPs) and b-lactamases.
Immunoblotting analysis revealed that FmtA is localized in
the membrane fraction. Because the mutant had reduced
cross-linking and partially reduced amidation of glutamate
residues in peptidoglycan, it was suggested that FmtA affects
the cell wall structure [15]. A subsequent report indicated
that FmtA is able to bind to penicillin, thereby revealing that
FmtA is a new penicillin-binding protein [17].(2) FmtB: The fmtB gene codes for a protein with a deduced
molecular mass of 263 kDa that contains 17 tandem repeats of
75 amino acids and a C-terminal LPXTG cell wall-sorting motif
[16]. Mutation of fmtB reduces oxacillin resistance. Immunoblot
analysis indicates that FmtB is localized in the cell wall fraction.(3) FmtC: FmtC has been referred to as MprF in subsequent
studies [18]. MprF is an enzyme that transfers lysine to
phosphatidylglycerol, which is a component of the cell mem-
brane. In an mprF mutant, an unusual modiﬁcation leads to
a reduced negative charge of the membrane surface and
increased binding of antimicrobial peptides to the bacteria.
However, the relationship between FmtC (MprF) and
b-lactam resistance is still unknown.There are many recognized factors that affect methicillin resis-
tance level (Table 1) [19,20]. Most of these factors are associated
with cell wall biosynthesis. In addition, several transcriptional
regulators have been identiﬁed, indicating that some regulators
are responsible for cell wall biosynthesis [20]. Although many
factors that affect methicillin resistance have been determined, thereason for the variety of resistance levels in MRSA is still unknown
because methicillin resistance level is mediated by complicated
mechanisms or the mechanisms differ between strains.3. Vancomycin resistance and intermediate resistance
Glycopeptides, such as vancomycin and teicoplanin, are effec-
tive against MRSA infections, but VISA or glycopeptide-intermedi-
ate S. aureus (GISA) strains have now been isolated in several
countries [4,21]. Intermediate susceptibility is mediated by cell
wall thickening and reduced cross-linking, which facilitates the
trapping vancomycin within the layers of cell wall peptidoglycan.
This prevents the vancomycin from reaching the peptidoglycan
precursor that is attached to the cell membrane [22,23] (Fig. 2).
Although some factors affecting vancomycin susceptibility have
been reported [24–27], the exact mechanism of cell wall thicken-
ing and intermediate susceptibility and the entire complement of
factors associated with them remain unknown. Recently, strains
highly resistant to vancomycin that contain the enterococcal vanA
gene have also emerged [5] The mechanism of the resistance of
these strains is clearly distinct from that found in VISA strains.
VanA is associated with an altered peptidoglycan precursor
structure, changing a D-alanine-D-alanine structure to D-alanine-
D-lactate. This alteration causes inhibition of vancomycin binding
to the peptidoglycan precursor (Fig. 3).
We previously isolated a spontaneous VISA mutant from a
MRSA COL strain by exposing it to vancomycin [23]. Characteriza-























Fig. 2. Vancomycin intermediate-resistance mechanism in S. aureus. Cell wall thickness and reduced cross-linking in cell wall peptidoglycans increase the vancomycin
binding sites in the cell wall, preventing the binding of vancomycin to the peptidoglycan precursor. M: N-acetylmuramic acid, G: N-acetylglucosamine, D-Lac: D-lactate,
D-Ala: D-alanine, L-Lys: L-lysine, D-Gln: D-glutamine.
Fig. 3. Vancomycin resistance mechanism in S. aureus. Vancomycin resistance in S. aureus is mediated by VanA (vanA), which is involved in alteration of the peptidoglycan
structure (converting D-Ala-D-Ala to D-Ala-D-Lac).
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susceptibility than the MRSA COL bacteria. Moenomycin is a cell
wall synthesis inhibitor that acts on transglycosylases. Transgly-
cosylases are thought to mediate the formation of the peptidogly-
can glycan chains and the incorporation of the peptidoglycan
precursor into cell-wall peptidoglycan [28]. Vancomycin also
inhibits cell wall synthesis, although its target is different from
that of moenomycin. Vancomycin binds to terminal D-Ala-D-Alaresidues of the peptidoglycan precursor, thus inhibiting peptido-
glycan chain elongation [29]. We isolated moenomycin-resistant
mutants from a MRSA COL strain by exposing it to moenomycin
[30]. These mutants also had a longer glycan chain length than
found in MRSA COL and a vancomycin-intermediate-resistance
phenotype. This strongly suggests that moenomycin resistance is
associated with intermediate resistance to vancomycin. Therefore,
identiﬁcation of the factors that affect moenomycin susceptibility
Fig. 4. Susceptibility of 494 S. aureus strains to in vitro exposure to hBD3 and LL-37. MRSA strains were divided into 3 subgroups (L-MRSA, M-MRSA, and H-MRSA). The percentage
survival of S. aureus strains (MSSA and the 3 subgroups of MRSA) after exposure to hBD3 (2 mg/L) or LL-37 (1 mg/L) is shown. *, **, and *** indicate signiﬁcant differences between
the groups connected by brackets (po0.05, po0.01, and po0.001, respectively). Signiﬁcant differences were determined by Student’s t-test (Ref. [34]).MSSA: methicillin-
susceptible S. aureus, L-MRSA: low-methicillin-resistant S. aureus, M-MRSA: moderate-methicillin-resistant S. aureus, H-MRSA: high-methicillin-resistant S. aureus.
Fig. 5. Factors affecting cell surface charge. ApsSR positively regulates the expression of dlt and fmtC (mprF), which are associated with cell surface charge. AgrA negatively
regulates the expression of apsRS.
M. Kawada-Matsuo, H. Komatsuzawa / Journal of Oral Biosciences 54 (2012) 86–9190may help to clarify the mechanism behind intermediate suscept-
ibility to vancomycin. We isolated Tn551-insertional mutants,
which had decreased susceptibility to both moenomycin and
vancomycin. We identiﬁed the causes (fmtC and lysC) of their
vancomycin and moenomycin susceptibility [31].
The factors affecting intermediate susceptibility to vancomy-
cin are shown in Table 1. Factors affecting methicillin resistance,
cell wall biosynthesis, and transcriptional regulators are all
involved in intermediate susceptibility to vancomycin. Further
study is needed to clarify the precise mechanism of vancomycin
intermediate susceptibility.4. Resistance to antimicrobial peptides
During our research on methicillin and vancomycin resistance,
we found that the surface charge of the bacterial cell was associated
with their susceptibility to the charged antibacterial agents vanco-
mycin, gentamicin, and cationic antimicrobial peptides [31]. Catio-
nic antimicrobial peptides, such as defensins and LL37, are produced
by humans and are responsible for innate immunity. We investi-
gated the relationship between susceptibility to antimicrobial pep-
tides and cell surface charge in 2 sets of experiments.1) Evaluation of susceptibility to antimicrobial peptides in
clinical isolates.Human epithelia produce cationic antimicrobial peptides, includ-
ing 4 distinct b-defensins (hBD1–4) and 1 cathelicidin family
peptide (LL-37) [32,33]. We evaluated the susceptibility of 494
strains of S. aureus clinical isolates to 2 cationic antimicrobial
peptides, hBD3 and LL-37 (Fig. 4) [34]. MRSA strains were
signiﬁcantly more resistant to hBD3 and LL-37 than were MSSA
strains. In addition, those strains that were highly resistant to
methicillin were also signiﬁcantly more resistant to LL-37, but
not to hBD3, than other strains. This suggests that MRSA is
resistant not only to various antibiotics, but also to antimicrobial
peptides, part of the innate immune system of humans.2) Regulation of the cell surface charge in S. aureus.
Aps is a 2-component system (TCS) that regulates the FmtC
(MprF) that is responsible for incorporating lysine into phospha-
tidylglycerol, a major component of bacterial membrane. It also
regulates DltC, which incorporates alanine into teichoic acids.
Recently, Aps was reported to affect the charge of the cell surface
(Fig. 5) [35,36]. TCSs are prokaryote-speciﬁc signal transduction
systems that consist of a gene that encodes a sensory histidine
kinase and a gene that encodes a cognate response regulator
(RR). Bacteria can adapt to the external environment and
regulate gene expression using this system. We demonstrated
that Aps was expressed strongly in the exponential phase,
whereas its expression was signiﬁcantly suppressed by Agr in
the stationary phase. This resulted in higher expression of DltC
and MprF in the exponential phase and lower expression in the
M. Kawada-Matsuo, H. Komatsuzawa / Journal of Oral Biosciences 54 (2012) 86–91 91stationary phase [37]. Because the cell surface charge was
affected differently in each phase, susceptibility to AMP and
cationic antibiotics changed during growth. Furthermore, we
found that bacteria could only sense AMP during the exponential
phase. These results suggest that the cell surface charge is tightly
regulated during growth in S. aureus.
5. Conclusions
MRSA in hospitals is still a serious problem, and recently,
community-acquired MRSA has emerged as a cause of infectious
disease. From studies on its susceptibility to antibacterial agents,
we identiﬁed factors that are responsible for antibiotic resistance
and are related to other features, such as the physiology of cell wall
biosynthesis; the regulatory machinery of genes, including viru-
lence factors; and bacterial interaction with host immune factors.
Study of the mechanisms underlying the resistance to antibacterial
agents is helpful for developing effective chemotherapy, discovery
of new antibacterial agents, and analysis of MRSA evolution.Conﬂict of interest
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